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Although the carotid bodies are considered to be the primary
02-sensing organ in the body, all cells in mammalian tissues have
the capability of responding to °2 lack using a variety of strategies
in order to adapt and acclimate to conditions that may be less than
optimal to specific cell functions. These adaptive changes may be
important for the survival of these cells or tissues or for the
survival of others in the body. One well studied example is the
response of renal cells to hypoxia that stimulates the transcription
rate and the release of erythropoietin. This, in turn, stimulates the
formation of red blood cells to increase the 0,-carrying capacity
and help tissue oxygenation throughout the body.
This erythropoietin example is not only important because it
shows how the kidney helps increase the survival of other tissues
to hypoxia, but it illustrates another point that may not have been
totally apparent in our Conference in Germany. In my opinion,
O2-sensing mechanisms should not be divorced from specific cell
functions and adaptation to new 02 conditions. One important
reason for delving into 02-sensing mechanisms is that they can
initiate cascades of events that are crucial for cell survival or cell
death.
Previously, we have focused on central neurons and on their
response to 02 deprivation. We have been interested in how (1)
these cells sense the lack of micro-environmental 02, (2) various
parallel intracellular processes occur and interact with each other,
and (3) cascades of biologic and physiologic events lead to survival
of these cells or to their irreversible injury if the stress is too
severe for adaptive strategies to compensate. It should be kept in
mind that the effect of hypoxia and the response of cells to it is not
a linear function of the level of P02 that surrounds the tissues or
cells being studied. Hence, it is extraordinarily important to
always measure the P02 level and control for it in order to be able
to understand dose-response and be able to compare tissues from
various organs of the same species or from different species or
phyla. Another important consideration in this area of research
that can affect the phenotypic expression of the hypoxic response
is the acuteness or chronicity of the stress. On the one hand, if the
stress is too severe, the homeostatic mechanisms are overwhelmed
very quickly and, within minutes, irreversible injury sets in. On the
other hand, if the stress is modest, there may be a number of
mechanisms that are activated, including the genetic regulation of
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a number of proteins that may prove to be beneficial (or possibly
deleterious) to cell function.
Although we have studied a number of facets pertaining to the
neuronal response to hypoxia, especially those related to ionic
fluxes, ionic regulation via channels and exchangers, this paper
reviews our work with K ions and channels only. Clearly, the
importance of Ky ions in central neurons stems from the fact that
the membrane potential is dependent primarily on the level of K
inside and outside neurons. It is important to realize, however,
that other ions may be critical also (such as Na), since membrane
potential as well as other events are profoundly changed during
hypoxia.
Extracellular K levels (K°) in brain tissue at rest and during
graded hypoxia
To start the investigation, we decided to measure the extracel-
lular ionic activity of K0 during 02 deprivation. We have done
this in several regions of the CNS [1. Baseline values of K,,
activity were approximately the same in all three regions studied,
that is, the hypoglossal nucleus (XII), the dorsal vagal nucleus
(DMNX) and the CAl hippocampal area and these were about
3.0 mivt at rest. During hypoxia (P02 level 15 torr), all regions
evidenced an increase in K,) that was most rapid in the DMNX
[1]. The initial rise was followed by a plateau phase which was
reached by about three minutes into the hypoxic period. By five
minutes the magnitude of change was largest in DMNX and least
in CA]. During anoxia (P02 = 0 torr), the K,, profile was quite
different. All areas showed a steeper rise in K,), which was fastest
in XII. At three minutes the increase was largest for the XII area
and least for the CAl region. However, all areas demonstrated a
plateau phase by 4 to 5 minutes, and the plateau value ranged
between 25 and 35 mvi K. The magnitude was not different
between brain regions at the end of the anoxie period. The change
in extracellular DC potential during hypoxia or anoxia was similar
between regions and did not affect the response magnitudes.
These studies showed that (a) there is a major difference between
regions when the P02 level is not very low, and (2) these
differences and the differences between hypoxia and anoxia are
most likely related to the composition of tissue in terms of
neurons and glia, the metabolic rate of the tissue, the tempera-
ture, the net P02 in the micro-environment of the cell studied and
the neurotransmiuers released, to name a few reasons.
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Intracellular K levels (K') in central neurons during °2
deprivation
To address the question of whether the accumulation of K0 is
due to loss of K from neurons during anoxia, we measured K1
in XII neurons before, during, and after anoxia [21. Quantitative
analysis of K was performed when there was a stable Vm and
K1 recordings were made for  10 minutes before anoxia, and
when Vm was more negative than —55 mV and K1 > 70 mM. All
the neurons that we recorded from (N = 31) showed a substantial
decrease in K) during anoxia. We analyzed in detail the results
on 14 neurons. During anoxia, K0 increased slightly (5 to 10 mM)
in the first two minutes into anoxia but then started to drop,
reached a minimum, and remained at that level throughout the
rest of the anoxic period. This decrease in K1 was marked and
averaged about 60 m. When 02 was re-instituted, K1 continued
to be low for approximately one minute before it started to
increase. Within 10. minutes, however, K1 had recovered to the
pre-anoxia level. Some neurons showed a short period of an
overshoot in K, by 5 to 10 m before returning completely to
control level. This response had an excellent reproducibility, since
all 6 neurons that were tested with repetitive periods of anoxia (2
to 3 times) showed similar responses. These data suggest, there-
fore, that K is lost to the outside from the intraneuronal pool.
However, these results do not exclude the possibility that glia
participate in raising the extracellular K by loosing K as well.
Shrinkage of brain extracellular space (ECS) during °2 lack
Although our results suggested that the extracellular accumu-
lation of K during anoxia was due, at least in part, to the loss of
K from neurons, the possibility existed that the increase in K0
and decrease in K during anoxia were the result of ECS
shrinkage and expansion of intracellular space. For this reason, we
monitored the changes in ECS volume during anoxia in six
experiments using K ion-selective electrodes and Tetramethyl-
ammonium (TMA). We found iii slices that during 02 depriva-
tion, TMA increased, indicating that the ECS shrank. In addition,
the following expression:
Ii-TMA,before activity)%ECSshrinkage = .. X 100
TMAO after actwity
allowed us to calculate ECS shrinkage which was estimated to
average about 50% over four minutes of anoxia. This decrease in
ECS cannot explain, however, the major increase in ECS K and
decrease in intraneuronal K . Therefore, we believe that K is
being lost from neurons.
Mechanisms and role of K release from central neurons
during hypoxia
To study the mechanisms by which K0 accumulates, we first
examined the effect of several pharmacologic agents on K loss
during anoxia in brain slices. We hypothesized that K loss was
totally due to Na-K ATPase injiibition during anoxia. If this
were the case, ATPase blockers at high concentrations would
abolish any further increase in K() during anoxia. Ouahain (10
mM) in four experiments and strophanthidin (80 /SM) in two other
experiments raised the baseline level of K' to about 40 m within
15 to 20 minutes, but did not abolish the anoxia-induced increase
in K , [2]. A further significant increase in K) of close to 15 mM
at the end of anoxia was observed. Although these experiments
are not totally conclusive, they certainly suggest that K loss from
XII neurons is not caused only by ATPase inhibition during
anoxia, and thus we reject this first hypothesis.
We next hypothesized that K loss was mediated by activation
of specific K channels. Since the neurons that were being studied
could be endowed with Ca2-dependent K and nucleotide- or
ATP-sensitive K1 (KATP) channels, we used rather specific phar-
macologic blockers to study the role of these channels. Apamin
(50 pM) had little, if any, effect on anoxia-induced K loss.
However, glibenclamide (40 JLM) that selectively blocked KATP
channels significantly decreased K loss during anoxia by an
average of 43% (N = 8). In addition, there was a dose-dependent
and saturable response of glibenclamide (5 to 80 tiM) on
accumulation during anoxia. A similar response was also obtained
with tolbutamide (0.25 to 4.0 mM), another blocker of KATP
channels [21.
Finally, because we have previously shown that XII neurons
depolarize and increase their excitability during hypoxia, we asked
whether the increased neuronal activity with anoxia could have
contributed to the accumulation of K0. With the use of TTX (3
/LM) to block synaptic transmission and interrupt neuronal activ-
ity, there was a net average reduction in the anoxia-induced
increase in K0 by about 40%. Furthermore, when Ca2 in the
perfusate was removed and CoCl2 added (1.0 mM), the anoxia-
induced K leakage was reduced by at least the same % as forlix.
We have focused on some of these K channels that seem to
mediate K efflux during anoxia. If K1 channels are activated
during anoxia, then the anoxia-induced depolarization in brain-
stem neurons should be enhanced when slices are bathed with
glibenclamide. To test this hypothesis, we performed intracellular
recordings with conventional microelectrodes. Before the use of
glibenclamide, anoxia (3 mm) in these cells lowered V,,, from —80
mV to about —30 mV, a large drop in Vm. After bathing with
glibenclamide (40 jxM) for 30 to 60 minutes before anoxia, Vm and
action potentials did not show any significant changes from resting
level. During anoxia, however, all six neurons studied showed a
significantly greater depolarization, up to about —12 mV, a 25%
additional reduction in V, (P = 0.01)! Three additional neurons
were further tested with a longer period of anoxia (5 to 6 mm)
after glibenclamide. All neurons depolarized to almost 0 mV at
the end of anoxia, and none of them recovered when 02 was
re-instituted. In contrast, all those XII neurons that were tested
without glibenclamide (we have done many dozens of these cells
as control) recovered after a period of anoxia.
Neurons, glial cells, and the ECS constitute three major com-
partments in the CNS and these occupy —40 to 50, 20 to 40, and
10 to 20%, respectively, of the total adult brain volume. Volume
change in any of these compartments will result in volume and
ionic concentration alterations in the other compartments. There-
fore, the first issue addressed was related to the potential impor-
tance of compartmental volume changes. We show in this study a
decrease of —50% in ECS with anoxia, an amount that is
consistent with previous in vivo studies. Assuming that the com-
partmental percentages in the XII area are similar to those of
other regions in the brain, the volume changes obtained during
anoxia do not provide an adequate quantitative explanation for
the major changes in K and K0. We currently believe, there-
fore, that the increase in K0 seen in adult brain tissue during
'1.)a
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Fig. 1. 3H-glibenclamide autoradioaphy shows
that the binding sites are heterogeneously
distributed. Some of the highest densities are
present in the substantia nigra (SNR), the
neocortex (Str), parts of the cerebellum and the
hypoglossal motor nucleus.
anoxia is, to a great extent, secondary to loss of from neurons
and possibly also from glia.
In an attempt to explain the increase in K40 during anoxia in
XII neurons, we considered three potential mechanisms: (1)
inhibition of membrane-bound Na-K,ATPase due to depletion
of intracellular ATP; (2) activation of K channels; and (3) an
enhanced neuronal activity. Specific blockers for the ATP-sensi-
tive K channel, glibenclamide and tolbutamide decreased K4
loss in a major way. These blockers acted on anoxia-induced K
loss in a dose-dependent and saturable fashion. Further evidence
for the involvement of these channels in K homeostasis during
anoxia was obtained from our results with intracellular recordings.
After glibenclamide, neurons depolarized significantly more dur-
ing anoxia, an observation that is consistent with a reduction in
K4 loss. Thus far, our pharmacologic data strongly suggest that
anoxia-induced K loss in XII neurons is related to the activation
of these K channels.
What is the functional significance of the activation of these K4
channels during 02 deprivation? A provocative answer would be
that activation of these channels is an "adaptive" neuronal
response. Activation of nucleotide-sensitive K channels will, to a
certain extent, modulate and limit the magnitude of this depolar-
ization. Evidence for this hypothesis is provided by our data from
intracellular recordings showing that when the nucleotide-sensi-
tive K channels are blocked by glihenclamide, anoxia induces a
larger depolarization, which, if maintained for 5 to 6 minutes, can
lead to an irreversible depolarization.
3H-glibencJamide sites and whole-cell outward current
responses in central neurons during hypoxia
To obtain more direct evidence for the presence of these
channels and their role during hypoxia, we performed studies to
(1) localize them using 3H-glihenclamide autoradiography and
membrane binding, and (2) detect their activity during baseline
and during anoxia using patch clamp techniques. In the first, we
have obtained data that demonstrate that glibenclamide sites are
heterogeneously expressed in the rat CNS with high amounts in
the XII nucleus, neocortex and substantia nigra [3, 4]. These
studies, clearly, are based on previous studies indicating that these
KATP channels and glibenclamide sites form a functional, albeit
not structural, moiety (Fig. 1) [51. In the second group of studies,
the whole cell approach and patch clamp techniques were applied
on central neurons to study the effect of hypoxia on outward
currents and on K currents [6—8]. Perforated patches were also
studied in order to ascertain that our results were not due to
dialysis of cellular cytoplasm.
Although to various degrees, the trajectory of the whole cell
outward currents that we obtained in response to hypoxia was
always biphasic: there was an increase in the outward currents in
the first 2 to 3 minutes into hypoxia, followed by a reduction of
these currents to below baseline levels after 4 to 5 minutes. This
subsequent decrease in the outward currents was not due to
run-down of these currents, since bathing these cells with nor-
moxie solutions reverses this trend and currents come back to
baseline. Our results have also indicated that these currents were
inhibited or activated by glibenclamide and Lemakalim, respec-
tively blocker and activator of certain species of K channels.
These results are very consistent with our previous data obtained
from the slice preparation, since we suspected from these exper-
iments that hypoxia is opening K channels that was leading to
the increase in K4 efflux and K4 in the extracellular space. What
was very interesting to us from the whole cell experiments,
however, is that the increase in these outward currents was
followed by a decrease. If the early increase in outward currents is
due to the opening of certain channels, the question that could he
raised is why should they open with hypoxia? If this early phase
was followed by a reduction of these currents, why should these
channels close subsequently, not only to baseline levels but to
even below baseline levels?
ATP-dependent K channels: Characterization and response
Single-channel activity was studied and quantitative changes in
channel activity were analyzed using the channel open-state
probability (Ppe) and the average "macroscopic" currents. Fig-
ure 2 shows evidence for activation of a large-conductance
outward current during 02 deprivation [6—8]. Before hypoxia,
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Fig. 2. Activation of an outward corrent (luring 000XiO. Single-channel currents were recorded from an acutely dissociated substantia nigra neurons with
the same solution (containing 150 nlM K) applied to the bath and recording pipette. Averaged "macroscopic" currents (upper traces) were obtained
from 45 individual traces in each of the experimental conditions indicated above. In the cell-attached configuration, only a small-conductance current
( 40pS) was observed before anoxia. A large-conductance outward current appeared at about two minutes of anoxic exposure. Addition of tolbutamide
to the anoxic perfusatc strongly inhibited these currents. Channel activity returned to almost the baseline level following washout of anoxia and
tolbutamide. After excision and recording in inside-out mode, the large-conductance outward currents with the same conductance and a similar
sustained activation pattern were seen. Calibration: 20 mccc. 9 pA for the average currents (top traces) and 16 pA for the rest. The channel closed level
is indicated by dashed lines, and solid lines indicate multiples of the opening level. Reprinted with permission fromf Neurosci 14:5590—5602, 1994.
only a small-condtictance outward current was recorded in cell-
attached patches. When anoxia (p0 < 1 torr) was instituted, a
new large-condtictance outward current appeared. This current
started to he activated after about 1 to 2 minutes and reached a
maximum activation after another minute. At maximum current
activation, administration of tolbutamide (10 m, a sulfonylurea
KATP channel blocker) to the anoxic perfusion medium strongly
and reversibly inhibited this outward cttrrent. Washout of these
cells with a normoxic external solution for 2 to 3 minutes resulted
in a return of channel activity to near pre-hypoxia level. Excision
of membrane patches from the cell led to a strong and rapid
reactivation of this large-conductance outward ctirrent.
This hypoxia-activated current was also inhibited by glihen-
clamide (another KArp channel blocker) and TEA 181. With
glihenclamide in the pipette solution, the activation of this
channel was seen in only one patch (out of 10). In addition,
channel activity was not seen at all when TEA was added in the
pipette medium.
With equal concentrations of K applied to both internal and
external solutions (150 mM), reversal potential of this current was
0 mV, with a slope conductance of about 220 to 230 pS (N = 36).
When the KCI concentration on the internal surface was reduced
to 54 m (with NaCI added in a concentration of 96 mM), the
conductance was reduced to around 110 pS. In all five patches
studied, the reversal potential was shifted to about 24 mV, which
is very close to the calculated Nernst potential for K. Therefore,
this indicates that this channel is highly K selective and the
current is carried by K.
In the cell-attached patch, P(,rv,, increased markedly after
patches were excised from the cell and exposed to a solution
containing no ATP. Since the ATP level can drop during 02
deprivation, we hypothesized that this hypoxia-activated outward
current in neurons is mediated by a reduction of ATP and
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Fig. 3. Inside-out patches and single channel recording of K4TP channel.c
during graded hypoxia. P02 was measured with polarographic electrodes.
Graded hypoxia was induced by perfusing patches with one of the
solutions bubbled for at least two hours with either 2% (balanced with N,),
1% or (1% 02, or 0% 02 plus 2 mrvt Na2S,04. When P02 was 150 mm Hg,
the channel was almost fully open. Rapid decrease in single-channel Porv,,
wasseen when P02 changes between 5 and 15 mm Hg. The P02 for 50%
inhibition of P,,,, was 1 0A5 mm Hg. Note that was normalized to its
control level. Data are presented as means SEM. Reprinted with
permission fromJ Physiol 481 :15—26, 1994.
activation of KAIP channels. We therefore examined the sensitiv-
ity of this channel to various concentrations of ATP on the
internal side of the membrane [6—81. Using inside-out patches, we
found that channel activity responded to ATP concentrations and
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Fig. 4. Continuous recordings of a large K current. Left. During baseline, this channel had a P,, of 0.89. Middle. Exposure to l,l0-phenanthroline (a
preferential iron chelator) induced a marked inhibition of channel activity (P,, = 0.18) and a modest inhibition of single channel conductance. Right.
Washout of phenanthroline led to a complete recovery of both P, (P0 = 0.90) and conductance.
the half-inhibition of channel activity (Kd) was approximately 135
.LM. This channel sensitivity to ATP is more similar to that of the
pancreas and heart channels' rather than to the kidney one, since
the latter curve is shifted to the right and the Kd is in the m
range. A number of other nucleotides, AMP-PNP, Ca and
several divalent cations were used to determine the characteristics
of this K channel. This channel was activated by Ca2, blocked
by Cs, Ba , Co F, TEA but not by Mg2 or 4-AP [81.
ATP-dependent K channels: Are they direct 02-sensors also?
The new development in this area is related to recent findings
from our laboratory showing that K channels of neuronal plasma
membranes respond to changes in 02, not indirectly through
cytosolic changes but directly in a membrane-delimited manner
[6]. Qualitatively, this is not too dissimilar to P02 modulation of
K channels in carotid glomus cells. We have shown experimen-
tally that these KAj.p channels in neocortical neurons or neurons
in the substantia nigra decrease their activity when 02 is depleted
around the cell in excised patches of membranes [7]. This
decrease in overall channel activity is mostly due to a decrease in
P(,pe and, to a lesser extent, to a reduction in unitary conduc-
tance. The PO2Pope dose-response curve of these channels is
relevant to the physiology of oxygen transport to the brain, since
the channel response seems to be very consistent with the P02
that normally exists in the brain interstitium. These K channels
start responding to PU2 at about 20 torr, with 50% reduction of
activity at about 10 torr (Fig. 3). It is also of interest that this
property of 02 sensitivity in these K channels is not shared by all
K but is specific to a channel with well identified properties [6].
Although the exact molecular mechanism underlying the change in
activity as a function of P02 is not completely understood, these K
channels seem to be directly sensitive to °2 We have therefore
named these 02-sensing K4 channels the "OK" channels.
But how direct is this 02-sensing mechanism in neurons? We
are not sure at the moment, but have gathered data to suggest thai
a change in the redox state of the OK channel itself during 02
deprivation alters the activity of the channel [7]. Indeed, when
inside-out excised patches were exposed to reducing agents such
as reduced glutathione (GSH) or dithiothreitol, K channel P01
decreased markedly, with a pattern of ion channel flickering that
was similar to that seen during 02 deprivationperse. The basis for
such modulation could be similar to the reduction of thiol groups of
cysteine residues on the N-terminal portion of the shaker-type
channel molecule, found to be critical in fast inactivation kinetics [91.
It is also possible that molecules such as plasma membrane
metal-containing proteins are associated with specific K chan-
nels and that, by an as yet unknown mechanism, affect channel
activity when °2 is depleted. This idea of a link between a
membrane protein and the OK channel is based on recent data from
our laboratory showing that metal center blockers or chelators, such
as 1-10 phenanthroline, deferoxamine or cyanide, suppress KF
channel activity in a similar fashion as hypoxia (Fig. 4).
Interestingly, we have recently found that human temporal
neocortical neurons are also endowed with similar channels that
respond to ATP [10]. These are of two types: (1) those that
inhibited by .LM of ATP and almost identical to KATP channels in
the rat as we described above and in our previous publications
[6—8], and (2) those that are activated by ATP and similar to a
BK-type channel. What is not known is whether these human
neuronal KATP channels are also sensitive to 02 itself in excised
membranes.
K channels in perspective: How important is important?
It is clear from these data and others published by our group
and by others on this subject that K channels play a role during
02 deprivation. There are two major questions, however, that
Control Washout
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have not yet been answered. First, if K channel activity changes
when nerve cells are exposed to hypoxia, what mechanism(s) is
responsible for this change in vivo in tissues? This is not well
studied and only mechanisms found in in vitro situations have
been discovered and discussed. For example, what is the magni-
tude of the ATP drop in neurons, what is its time course, and how
important is the ATP drop in modulating these channels in vivo?
How is this ATP change affected by other substrates such as pH or
other nucleotides in vivo? Second, and perhaps more importantly,
we should recognize that there is an enormous number of events
that take place during hypoxia, intracellularly and extracellularly,
inside the nucleus, mitochondria and in the cytosol. To isolate one
mechanism and show that it is important during hypoxia, as we
have done with K channels, is extraordinary, keeping in mind the
vast number of events that occur when cells are deprived of °2
Hence, the other question relates to the relative role of other
mechanisms and events in the overall response of cells to 02
deprivation.
Summary
This is an exciting area of research for at least two reasons: (1)
it has high clinical visibility and potential implications that tran-
scend age, tissue, and cell type. (2) Currently there are very
powerful armamentaria to solve questions and we are starting to
apply this in this area of research. Hence, the possibility for
understanding how hypoxia induces injury or why do cells survive
anoxia is within reach. I hope that within the foreseeable future
we will be able to solve some of these questions at the molecular
level and start to target some of the important pathways for
pharmacologic and drug interventions.
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